Abstract. Inversion of Scholte wave is one of the most common methods to estimate the shear speeds in the bottom. This inversion involves running a forward model, with shear speeds in the sediment among the input parameters, and minimizing the data-model mismatch. A numerical model is developed based on the dynamic stiffness matrix approach to model the phase velocity dispersion of Scholte waves in this study. The model is then validated by matching previously published results. Shear speeds in different layers of sediment are also estimated by matching the model predictions to the Scholte wave data collected in Narragansett Bay, Rhode Island.
INTRODUCTION
Geoacoustic parameters such as compressional and shear wave speeds and attenuation are important in acoustic propagation modelling in shallow water. Inversion techniques for estimating compressional wave speeds and attenuation have been developed and validated using field data [1] [2] [3] . Recently a shear measurement system was developed by the authors with the objective of estimating the shear wave speeds in the sediment. The system collects interface (Scholte) wave data which is then used to estimate the shear speed.
The Scholte wave propagates at the boundary between elastic (sediment) and a fluid medium and its speed is closely related to the shear wave speed in the sediment. The properties of a Scholte wave can be summarized as follows [4] [5] [6] :
x It has a rotational particle movement.
x It is dispersive if the shear speed varies with depth.
x It propagates with a velocity of approximately 90% of the shear speed. Extraction of shear wave speed in the sediment based on Scholte wave speed measurements is a well-established technique in the ocean acoustics [4, 5] and the geotechnical communities [7] [8] [9] [10] . One of the key steps in this inversion approach is the modelling of the frequency dependent group or phase velocities of the Scholte waves for any given set of sediment parameters (shear and compressional wave speed, density and shear modulus). The inversion technique usually searches for the shear speed profile which provides the best match between the modelled Scholte wave dispersion and the observed dispersion (data).
It is customary to model the dispersion of Scholte wave speed using a numerical seismo-acoustic propagation model based on a "staircase" geo-acoustic model consisting of many sediment layers of varying thicknesses. Haskel [11] used a mtraix formalism to obtain the phase and group velocity of elastic surface waves. Kausel and Roesset [12] used the Haskell-Thompson transfer matrix approach to derive layer stiffness matrices and provided an alternate formulation to the conventional transfer matrix approach. Rosset et al. [13] presented a numerical study to investigate the influence of various sediment parameters. Rauch [4] used a seismic fast field program to model the seismic interface waves. Chapman and Godin [14] investigated the propagation of seismic interface waves in soft marine sediments in which the density is constant, the shear modulus is small, and the profile of shear speed versus depth follows a power-law variation.
The Scholte wave dispersion is modeled in this study using a dynamic stiffness matrix approach. The model is validated by comparing its output with published results. The model is then compared to Scholte wave data collected in Narragansett Bay, Rhode Island. The rest of this paper is organized as follows. The next section describes the dynamic stiffness matrix approach for modeling the phase velocities of the Scholte wave. The model validation by comparison with published results is also provided in this section. The details of the field test and the interface wave data is briefly described in the next section followed by the discussion of the model-data comparison. Conclusions of this study are provided in the final section.
STIFFNESS MATRIX OF LAYERED BOTTOM
The dispersion relationship for the Scholte wave has been computed from the global stiffness matrix of the water over layered bottom system. The sediment is assumed elastic in this analysis and it is characterized by the compressional and shear velocities, mass density and layer thickness. The dynamic stiffness matric of the sediment layer under plane strain conditions is a 4x4 matrix which can be written (Kausel and Roesset [12] , Yalghozaghaji and Akhlaghi, [15] ) as four 2x2 submatrices. For a layer of sediment of thickness h these sub-matrices can be written as: (1) 2 22 21 12 11
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The stiffness matrix for the half-space is given as a 2x2 matrix by Kausel and Roesset [12] , Yalghozaghaji and Akhlaghi [15] as follows:
The stiffness matrix for the water layer is given by: The dynamic stiffness matrix of the complete bottom can be obtained by assembling the stiffness matrices of the individual sediment layers and the bottom half space. The total stiffness matrix thus assembled will be as shown below:
The stiffness contribution of water layer (K water (3,3) ) has to be added to the (2,2) term of 1 11 K . The characteristic equation relating the phase velocities to the frequencies can be obtained by setting the determinant of K total to zero.
Model Validation
The model described above is validated by comparing with published results. The output of the model is compared with results from Rauch [4] for a shallow water waveguide with layered bottom. The input parameters used for this model validation is shown in Table 1 . Fig. 1 shows the output of the present model with Rauch's results. The agreement between Rauch's results and output of the present model is very good. The minor disagreement in Fig. 1 may be due to the fact that not all input parameters were available and hence some of the input parameters were assumed in this study. Table 1 .
SCHOLTE WAVE DATA COLLECTION IN NARRAGANSETT BAY, RI
At University of Rhode Island, Miller and Potty have developed a geophone/hydrophone array capable of collecting interface wave data. This system consists of a number of geophones and hydrophones, Several Hydrophone Receive Units (SHRUs) built by Woods Hole Oceanographic Institution (WHOI) as data acquisition system, and a cage which houses the SHRUs to which the hydrophone/geophone array will be connected [16, 17] . The Scholte waves were excited by means of direct impact by dropping a weight. A field test was conducted north of the R/V Endeavor Pier in the Narragansett Bay Campus of the University of Rhode Island on March, 2011 [16, 17] . One SHRU and a four geophone array were deployed off the stern of R/V Endeavor in approximately 6 m of water. The geophones were properly placed, with a spacing of 5 m underwater, with the help of divers. A 135 kg weight was released from just below the surface of the water off the stern of R/V Endeavor using the ship's capstan (Fig. 2) . The signals received on the four geophones were used to calculate the phase velocity as a function of frequency. The sea test yielded time series of geophone recorded seabed motions due to the weight drops. The phase difference between interface wave arrivals between pairs of geophones as a function of frequency is calculated from the cross-spectral density between the geophone data. This phase difference is used to calculate the phase speed (as a function of frequency) knowing the distance between the geophones. Fig. 3 shows the phase speed data calculated for different geophone pairs for various source events.
RESULTS AND DISCUSSION
The output of the dynamic stiffness model is compared to the data collected in Narragansett Bay in Fig. 3 . The Scholte wave data collected on the four geophones were processed to obtain the phase velocities at different frequencies in the range 3 Hz to 20 Hz. The asterisks in Fig. 3 indicate the phase velocities calculated at different frequencies calculated using different geophone pairs and source events. The two lines (dashed and dash-dot) represent the output of the dynamic stiffness model (present study) and the Chapman-Godin model respectively. Note that at frequencies above 4 Hz, the output of the dynamic stiffness model appears as a continuous line in Fig. 3 since they are very closely spaced. The sediment layers were identified and their thicknesses were assumed based on historical sediment data from Leblanc et al., [18] McMaster, [19] Richardson [20] and Baxter et al. [21] . Based on these studies and the seismic sections and bore logs presented in Richardson [20] a sediment profile as shown in Fig. 4 (left panel) was assumed. It should be noted that this sediment description is approximate and is based on published data from nearby location. The properties of the sediment in various layers were assumed based on the above studies. The inputs to the model (Table 2) were then iteratively adjusted until a good match between the data and model output (as shown in Fig. 3 ) is accomplished. Table 2 . Table 2 and right panel in Figure 4 show the final values of the sediment parameters (inputs to the model). The right panel in Fig. 4 also shows the power law shear speed profile which was input to the Chapman-Godin model [14] to produce a match as shown in Fig. 3 . It can be seen from Fig. 3 and Fig. 4 (right panel) that the phase speeds predicted by the two different models used in this study agree reasonably well and they also provide a good match to the data. 
